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 ABSTRACT 
A new continuous method for production of novolac-type oligomers by 
interaction of phenol with paraform in the melt in the presence of acid 
catalyst was developed. To establish the optimal conditions of the 
reaction, some kinetic regularities of the process were investigated. It is 
shown that the reaction is of the second order. The optimal conditions for 
formation of the oligomer are the following: temperature – 100-1200C; 
duration of the reaction – 10 min; phenolic component: formaldehyde 
molar ratio – 1.15:10; amount of the catalyst – 1% in relation to the 
phenolic component. Also, to enhance the heat resistance of the 
polymers, complex polymers with statistical arrangement of monomers 
in the macromolecule were synthesized by simultaneous condensation of 
phenol and card-type bisphenols in the melt. The softening temperature 
of co-oligomers was increased from 70 0C to 90-180 0C. 
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Introduction. Since the beginning of the XX century, phenolic resins belonging to the class of 
thermoreactive polymers have found wide application in almost all fields of national economy due to 
their valuable properties. They were produced synthetically by polycondensation reaction of phenol 
with formaldehyde. Cresols, xylenols, multiatomic phenols, alkylphenols, multinuclear compounds, 
for example bisphenols and others were used as phenolic raw materials alongside with phenol [1-5].  
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Availability of raw materials base, simplicity of production technology and relatively low cost 
of formaldehyde polymers together with their high exploitation properties determine their wide usage 
in production of materials that have ability to work in extreme (high temperature and specific load) 
conditions [6-10]. 
Phenol-formaldehyde polymers are widely used in the form of polymeric compositions in 
which the main role is played by excipients. The excipients give a possibility to obtain plastics with 
wide range of properties. At the same time this is a way to decrease the polymer proportion in the 
polymeric composition significantly and to reduce the price of polymeric materials [11-12]. 
Even in conditions of steady development of production of foam plastics (one of the oldest 
polymeric materials) have not lost their significance and it is possible that they will be developed in 
future and their production will be increased. It is known that strong stimulus to increase their 
production was given by a shortage of natural raw materials as well as the necessity to replace natural 
materials by their synthetic analogues [13-15]. 
Experimental Section. Novolac is usually produced by the reaction between phenol and 
formaldehyde in water solution, in an acid medium. This process is periodical. Hence it was of interest 
to develop a continuous method of production of novolac, because, in this case, we could use novolac 
immediately, without performing additional procedures. Besides, we would eliminate the necessity in 
processing of rinsing water, containing phenol and formaldehyde that did not enter into the reaction, 
and polluting the environment. Processing of rinsing water for removal of phenol, formaldehyde and 
the acid from it is a serious problem at all operating plants. Another serious problem is removal of 
water from obtained novolac, its drying, which is associated with power costs as well [16]. 
A continuous method for obtaining of novolac by interaction of phenol and formaldehyde in 
melt is developed. For the purpose of development of the continuous method a paraform was used 
instead of water solution of formaldehyde. Reaction was carried out in melt, by heating of paraform 
and phenol in the presence of acid, catalyst (Fig.1). Molar ratio of phenol and formaldehyde was 
1,15:1. As a catalyst was used hydrochloric acid (against 1% of phenol). Under heating paraform 
undergoes depolymerazation, and the obtained formaldehyde immediately reacts with phenol. The 
reaction of dipolymerization of paraform can be presented by the following scheme: 
( ) ( ) ( ) ( )2 2 2 2 2 2 21 2 3n n n nCH O CH O CH O CH O CH O CH O CH O− − −− → + → + → − +       (1)  
and so on. 
When the obtained formaldehyde reacts with phenol sequential and parallel reactions of addition 
and condensation take place [17]. By condensation of formaldehyde with phenol in acid area 
phenolalcohols are formed, and after reaction with phenol they are transformed in 
dioxyphenylmethane (Fig.2). The reaction is carried out according to the following scheme: 
  (2) 
 
The obtained dioxyphenylmethane reacts with formaldehyde or phenolalcohols. Oligomer is 
obtained, in which the phenolic rings are connected with each other with methylene bridges. Further 
growth of chain happens as a result of addition and condensation reactions. However, the rate of the 
condensation reaction is much greater than that of the addition reaction and as a result the obtained 
oligomer does not contain methylol groups which is confirmed by IR spectral analysis [18-19]. 
In general, the process of condensation in acidic area can be represented by the following scheme (Fig.3):  
(x + 1) C6H5OH + x CH2O H[-C6H3(OH)-CH2-]x-C6H4OH + xH2O
HCl
                    (3) 
where x = 4 – 8 
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As there was no information in literature about the character of the course of the reaction between 
phenol and paraform in the melt, and as well to establish optimal conditions of the synthesis of the novolac-
type oligomer in the melt, we studied some kinetic regularities of oligomer formation [20]. 
Results and Discussion. For production of the novolac oligomer, the reaction in the melt 
proceeded over the temperature range from 40 to 120 0C. The phenol:formaldehyde molar ratio was 
1.15:1.0. Hydrochloric acid was used as a catalyst (1% of the phenolic component). 
 The course of the reaction was controlled by changes in the amount of formaldehyde in the 
reaction mixture. Changes in the amount of formaldehyde in the reaction area with interaction with 
phenol at different temperature are presented in Table I. When the temperature increased from 40 to 
120 0C, after 10 seconds the amount of free formaldehyde in the reaction area decreased as follows: 
95.40>92.76>84.05>76.30>70.23; after 1 min: 75.85>58.99>45.00>34.27>28.38; after 10 min: 
55.85>27.70> >21.24>15.45>11,69. When the process was prolonged at 400C, after 10 s, 1 min and  
10 min, the amount of formaldehyde decreased as follows: 95.40>75.85>55.85; at 600C: 
92.76>58.99>27,70; at 800C: 84.05>45.00>21.24; at 1000C: 76.30>34.27>15.45; at 1200C: 70.23> 
>28.38>11,69%: 
Table 1. Chenges in the order of formaldehyde transformation with the reaction between phenol and 
paraform in the melt with the reaction proceeding over the temperature range from 40 to 120 0C* 
Duration of 
the reaction, s 
Amount of formaldehyde that did not enter into the reaction, % 
40°С 60°С 80°С 100°С 120°С 
10 95.40 92.76 84.05 76.30 70.23 
20 90.55 81.35 70.96 61.41 54.22 
30 86.30 74.16 62.14 51.30 44.11 
45 80.90 66.30 53.32 41.02 34.56 
60 75.85 58.99 45.00 34.27 28.38 
90 67.98 48.88 35.17 25.85 20.79 
120 61.24 41.80 29.39 20.79 16.41 
240 57.31 35.51 26.07 18.54 16.13 
600 55.85 27.70 21.24 15.45 11.69 
* Molar ratio phenol:formaldehyde is 1.15:1.0 
The order of polymerization of the novolac oligomer formed in the melt is 7-8. As is seen, the 
amount of formaldehyde that did not enter into the reaction decreases with the increasing duration of 
the process, though the intensity of decreasing is higher at the initial stage. For instance, when the 
reaction proceeded at 40 0C, after 10 s the amount of formaldehyde that did not enter into the reaction 
was 95.40%, after 1 min – 75.85%; after 2 min – 61.24%; after 10 min – 55.85%. At 600C the amount 
of free formaldehyde decreased as follows: 92.7>58.99>41.80>27.70, respectively; at 800C – 
84.05>45.00>29.39>21.24, respectively; at 1000C – 76.30>34.27>20.79>15,45, respectively; at 1200C 
– 70.23>28.38>16.41>11,69%, respectively. 
The IR spectroscopic analyses showed that, at the first stage of the reaction phenolic alcohols 
were formed, and then they transformed into dioxidiphenylmethane and oligomers. 
To control the reaction, we took samples in certain intervals and measured the amount of 
formaldehyde that did not enter into the reaction.  
Kinetic curves of the reaction of phenol with formaldehyde at different temperature are shown on Figure (1): 
 
Fig. 1. Kinetic curves of the reaction of phenol with formaldehyde in the presence of a catalyst* at 
different temperature. 
P – transformation order; t – duration of the reaction; *catalyst – 1% HCl in relation to phenol. 
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The investigation showed that in the temperature range from 40 to 120 0C, the rate constants of 
the reaction retain their values calculated by the second-order equation. These data are given in Table II: 
Table 2. Some kinetic parameters of the reaction of phenol with formaldehyde over the 
temperature range from 40 to 120 0C; molar ratio phenol:formaldehyde is 1.15:1.0 
Duration of 
the reaction, s 
Reaction rate constant K, 10-3 l∙mol-1s-1 
40°С 60°С 80°С 100°С 120°С 
10 0.27 0.43 0.94 1.74 2.38 
20 0.29 0.65 1.14 1.76 2.37 
30 0.29 0.65 1.14 1.77 2.37 
45 0.29 0.65 1.09 1.79 2.36 
60 0.29 0.65 1.14 1.79 2.36 
90 0.29 0.65 1.15 1.79 2.37 
120 0.29 0.65 1.12 1.78 2.38 
240 0.17 0.42 0.66 1.02 1.16 
600 0.07 0.24 0.34 0.51 0.70 
1800 - 0.15 0.18 0.20 0.43 
Activation energy E=11.4 kcal/mol 
Probability factor, A=1.064 l/mol∙s 
The linear dependence of the logarithm of the reaction on the reversed absolute temperature 
and that of 1/a-x on the reaction duration also point to the second order of the reaction. The activation 
energy of the reaction was equal to 11.4 kcal/mol (Figs. 2 and 3): 
 
Fig. 2. The dependence of lgK on the reversed absolute temperature during polycondensation of 
phenol with paraform at 40-120 0C in the presence of a catalyst (1% HCl in relation to phenol) 
 
 
Fig. 3. The dependence of 1/a-x on the duration of polycondensation of phenol with paraform at 
different temperatures in the presence of a catalyst (1% HCl in relation to phenol) 
a – initial amount of formaldehyde; x – transformation order of formaldehyde 
 
From the kinetic curves of the reaction of phenol with paraform and the data of Table I it is 
obvious that both the temperature and the reaction duration have an impact on the course of the reaction. 
From the data given in Table III, it can be seen that the reaction rate increases with the 
increasing of temperature, though it decreases significantly with the increasing duration of the 
reaction. When the duration of the reaction increased from 10 to 600 seconds at constant temperature, 
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e.g. 40 0C, the reaction rate decreased from 0.46 to 0.07 g/s, while at 120 0C the transformation order 
reached a high value after 120 s (Table 1). 
When the temperature increased from 40 to 120 0C, the reaction rate constant increased from 0.29 
to 2.38∙10-3l∙mol∙s-1. When the reaction proceeds at higher temperature, a major portion of paraform leaves 
the reaction area. Hence the maximum temperature of the reaction must not be higher than 1200C. 
Table 3. Changes in the reaction rate depending on the temperature and the reaction duration   
Duration of 
the reaction, s 
Reaction rate, g/s 
40°С 60°С 80°С 100°С 120°С 
10 0.46 0.72 1.59 2.37 2.97 
20 0.47 0.93 1.45 1.92 2.28 
30 0.456 0.86 1.26 1.62 1.66 
45 0.424 0.74 1.03 1.31 1.45 
60 0.40 0.68 0.91 1.09 1.19 
90 3.33 0.56 0.72 0.82 0.88 
120 0.32 0.48 0.58 0.66 0.69 
240 0.17 0.26 0.30 0.33 0.34 
600 0.07 0.12 0.13 0.14 0.14 
1800 - 0.04 0.04 0.05 0.05 
 
Therefore, the temperature range from 40 to 120 0C is optimal for the reaction in the melt. At 
higher temperature, intense depolymerization of paraform takes place and the released formaldehyde 
has no chance to react with phenol and is lost. The optimal duration of the reaction is 10 minutes.  
To enhance the heat resistance of phenol-formaldehyde polymers, we synthesized complex 
copolymers by simultaneous polycondensation of phenol and card-type bisphenols, which contained 
phthalide, cyclohexane, norbornane, indane, naphthene and adamant groups [21-22]. When the molar 
ratio of initial bisphenol and phenol is 0.1 : 0,9, the repetitive ring of novolac oligomer has the 
following structure (Fig.4): 
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Fig.4 
 
The conditions of synthesis are given in Table 4:  
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Table 4. Properties of the complex oligomers obtained on the basis of card-type bisphenols, 
phenol and formaldehyde, and conditions of their synthesis in melt in the presence of an acid catalyst* 
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 Phenolphthalein:phenol: formaldehyde 0.1 : 0.9 : 1 100 30 81 
soluble 160-180 
 
1.1-bis(4-β-
oxiphenyl) 
cyclohexane:phenol:fo
rmaldehyde 
0.1 : 0.9 : 
0.9 80 10 88.78 
soluble 
90-100 
 
2.2-bis(4-β-
oxiphenyl) 
norborneylidene:phen
ol:formaldehyde 
0.1 : 0.9 : 
0.9 80 10 88.85 
soluble 
105-110 
 
5.5-bis(4-β-
oxiphenyl) hexahydro-
4,7-methyleneindane-
5ylidene:phenol:forma
ldehyde 
0.1 : 0.9 : 
0.9 80 10 93.56 
soluble 
115-120 
 
2.2-bis(4-β-
oxiphenyl) decahydro-
1,4,5,8-
dimethylenenaphthyl-
idene:phenol:formalde
hyde 
0.1 : 0.9 : 
0.9 80 10 87.28 
soluble 
120-125 
 
2.2-bis(4-β-
oxiphenyl) 
adamantane:phenol:for
maldehyde 
0.1 : 0.9 : 
0.9 80 10 75.46 
insoluble 
130-135 
* Catalyst – 15% HCl in relation to phenol  
 
Introduction of card-type bisphenols into the composition of phenol-formaldehyde oligomers 
increased the softening temperature of co-oligomers from 70 0C to 90-180 0C. The oligomers 
containing phthalide card-type groups had the highest softening temperature. 
If we compare the contribution of card-type structure groups to the increase in the softening 
temperature, we can arrange them in the following row (Fig.5): 
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Fig.5 
 
The obtained oligomers dissolve in acetone, cyclohexane, dimethylformamide, tricresol, etc. 
They partially dissolve in ethanol, except the oligomers containing cyclohexane and norbornane cyclic 
groups, which are characterized by very good solubility in spirit. 
Under the influence of hexamethylenetetraamide at 180-2000C the oligomers undergo 
hardening and transform into spatially-structured resite. 
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Conclusions. 
1. A new continuous method of production of novolac-type oligomers by interaction of phenol 
with paraform in the melt in the presence of an acid catalyst was developed. To establish the optimal 
conditions of the reaction, some kinetic regularities of the process were investigated. It is shown that 
the reaction is of the second order. 
2. The optimal conditions for formation of the oligomer are the following: temperature – 100-
120 0C; duration of the reaction – 10 min; phenolic component: formaldehyde molar ratio – 1.15:10; 
amount of the catalyst – 1% in relation to the phenolic component. 
3. The introduction of card-type bisphenols to increase the heat resistance caused an increase 
in the softening temperature of co-oligomers from 70 °C to 90-180 °C. 
4. If we compare the contribution of groups having card-type structure with the increase in the 
softening temperature, we can arrange them in the following row, which is given on Fig.2. 
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